In 1995, Suh and Park developed a numerical model that computes the reflection of regular waves from a fully-perforated-wall caisson breakwater. This paper describes how to apply this model to a partially-perforated-wall caisson and irregular waves. To examine the performance of the model, existing experimental data are used for regular waves, while a laboratory experiment is conducted in this study for irregular waves. The numerical model based on a linear wave theory tends to over-predict the reflection coefficient of regular waves as the wave nonlinearity increases, but such an over-prediction is not observed in the case of irregular waves. For both regular and irregular waves, the numerical model slightly over-and under-predicts the reflection coefficients at larger and smaller values, respectively, because the model neglects the evanescent waves near the breakwater.
Introduction
A perforated-wall caisson breakwater is often used to remedy the drawbacks of a vertical caisson breakwater. It reduces not only wave reflection but also wave transmission due to overtopping. It also reduces wave forces, especially impulsive wave forces, acting on the caisson .
A conventional perforated-wall caisson consists of a front wave chamber and a back wall as shown in Fig. 1(a) , and the water depth inside the wave chamber is the same as that on the rubble foundation. The weight of the caisson is less than that of a vertical solid caisson with the same width, and moreover most of this weight is concentrated on the rear side of the caisson. Therefore, difficulties are sometimes met in the design of a perforated-wall caisson to satisfy the design criteria against sliding and overturning. In addition, particularly in the case where the bearing capacity of the seabed is not large enough, the excessive weight on the rear side of the caisson may have an adverse effect.
In order to solve these problems, a partially-perforated-wall caisson as shown in Fig. 1(b) is often used, which provides an additional weight to the front side of the caisson.
In this case, however, other hydraulic performance characteristics of the caisson such as wave reflection and overtopping may become worse compared with a fully-perforatedwall caisson.
In order to examine the reflection characteristics of a perforated-wall caisson breakwater, hydraulic model tests have been used (Jarlan, 1961; Marks and Jarlan, 1968; Terret et al., 1968; Bennett et al., 1992; Park et al., 1993; Suh et al., 2001a) .
Efforts have also been made toward developing numerical models for predicting the 3 reflection coefficient (Kondo, 1979; Kakuno et al., 1992; Bennett et al., 1992; Fugazza and Natale, 1992; Suh and Park, 1995; Suh et al., 2001a) . All the aforementioned studies dealt with the case in which a fully-perforated-wall caisson lies on a flat sea bed, except Park et al. (1993) and Suh and Park (1995) . The former carried out a laboratory experiment of wave reflection from a partially-perforated-wall caisson mounted on a rubble foundation, while the latter developed a numerical model that predicts the wave reflection from a fully-perforated-wall caisson mounted on a rubble foundation. Both used only regular waves. Recently, on the other hand, Suh et al. (2002) compared the regular wave approximation and spectral wave approximation to compute the reflection of irregular waves from a perforated-wall caisson breakwater. They concluded that the spectral wave approximation is more adequate but the root-mean-squared wave height should be used for all the component waves to compute the energy dissipation at the perforated wall.
In the present paper, the experimental data of Park et al. (1993) are compared with Suh and Park's (1995) numerical model results. The Suh and Park's model, originally developed for a fully-perforated-wall caisson breakwater, is used for a partiallyperforated-wall caisson breakwater by assuming that the lower part of the front face of the caisson (below the perforated wall), which is actually vertical, is assumed to have a very steep slope. In addition, a laboratory experiment is performed for irregular wave reflection from a partially-perforated-wall caisson breakwater using the same breakwater model as that used in the experiment of Park et al. (1993) for regular waves. Suh and Park's (1995) regular wave model is then applied, by following the method of Suh et al. (2002) , to the calculation of irregular wave reflection. In the following section, the numerical model of Suh and Park (1995) and its extension to irregular waves (Suh et 4 al., 2002) are briefly described for the sake of completeness of the paper, although they were already published in the previous papers. In section 3, the experimental data for a partially-perforated-wall caisson subject to regular waves of Park et al. (1993) are compared with the numerical model. In section 4, the laboratory experiment for irregular waves is described. In section 5, the experimental results for irregular waves are compared with the predictions by the regular wave model. The major conclusions then follow.
Numerical model
Based on the extended refraction-diffraction equation proposed by Massel (1993) , Suh and Park (1995) developed a numerical model to compute the reflection coefficient of a fully-perforated-wall caisson mounted on a rubble foundation when waves are obliquely incident to the breakwater at an arbitrary angle. The x -axis and y -axis are taken to be normal and parallel, respectively, to the breakwater crest line, and the water depth is assumed to be constant in y -direction. Taking 0  x at the perforated wall, b x   at the toe of the rubble mound, and B x  at the back wall of the wave chamber, Suh and Park (1995) showed that the function ) ( x

[see Suh and Park (1995) for its definition] on the rubble mound ( 0
) satisfies the following ordinary differential equation:
with the boundary conditions as follows:
The subscripts 1 and 3 denote the area of flat sea bed ( b x   ) and inside the wave chamber ( B x   0 ), respectively, and  is the wave incident angle. In (1), the depth- 
where
, k is the wave number which is related to the water depth h , wave angular frequency  , and gravity g , by the dispersion relationship
, and 0 u , 1 u , and 2 u are given by 
where the abbreviation kh K 2  was used. As seen in (5), the model equation includes the terms proportional to the square of bottom slope and to the bottom curvature which were neglected in the mild-slope equation so that it can be applied over a bathymetry having substantial variation of water depth. Note that the coefficients associated with the higher-order bottom effect terms in Suh and Park's (1995) paper were replaced by those of Chamberlain and Porter (1995) , which are given in more compact forms as in (6) to (8).
In (2) and (3),
,  is the length of the jet flowing through the perforated wall, and  is the linearized dissipation coefficient at the perforated wall given by (Fugazza and Natale, 1992) 
where w H is the incident wave height at the perforated wall,
, and  is the energy loss coefficient at the perforated wall:
where r is the porosity of the perforated wall. In the preceding equation, 3 cos r denotes the effective ratio of the opening of the perforated wall taking into account the 7 oblique incidence of the waves to the wall. For normal incidence, this reduces to r as in Fugazza and Natale (1992) . c C is the empirical contraction coefficient at the perforated wall. Mei et al. (1974) 
for a rectangular geometry like a vertical slit wall. Note that R in Eq. (9) is a function of  . Rearranging (9) gives a quartic polynomial of  , which can be solved by the eigenvalue method [see Press et al. (1992) , p. 368].
In (3), the jet length,  , represents the inertial resistance at the perforated wall. Fugazza and Natale (1992) assumed that the importance of the local inertia term is weak, and they took the jet length to be equal to the wall thickness, d . On the other hand, Kakuno and Liu (1993) proposed a blockage coefficient to represent the inertial resistance of a vertical slit wall:
where A 2 is the center-to-center distance between two adjacent members of the slit wall, a 2 is the width of a slit, so that the porosity of the wall is A a r /  . By comparing the Fugazza and Natale (1992) and Liu (1993) models, Suh et al. (2002) showed that
8 which is much greater than the wall thickness, d , implying the influence of the inertial resistance term is not so insignificant. In this study, (12) and (13) were used to calculate the jet length.
The differential equation (1) with the boundary conditions (2) and (3) can be solved using a finite difference method. Using the forward-differencing for
, and central-differencing for the derivatives in (1), the boundary value problem (1) to (3) is approximated by a system of linear equations, B AY  , where A is a tridiagonal band type matrix, Y is a column vector, and B is also a column vector. After solving this matrix equation, the reflection coefficient
where the symbol Re represents the real part of a complex value.
In the calculation of the dissipation coefficient  in (9), the incident wave height at the perforated wall w H is a priori unknown. In the case where the caisson does not exist and the water depth is constant as 3 h for 0  x (Note that 3 h is not the water depth inside the wave chamber but that on the rubble mound berm in the case of a partially-perforated-wall caisson breakwater), Massel (1993) has shown that the transmitting boundary condition at 0  x is given by
The governing equation (1) As for irregular waves, the reflection coefficient is calculated differently for each frequency component. The wave period is determined according to the frequency of the component wave, while the root-mean-squared wave height is used for all the component waves to compute the energy dissipation at the perforated wall. The spectral density of the reflected waves is calculated for a particular frequency component by
where f is the wave frequency and
is the incident wave energy spectrum.
The frequency-averaged reflection coefficient is then calculated as (Goda, 2000) The water depths on the flat bottom, on the berm and inside the wave chamber were 50, 26 and 17 cm, respectively. The crest elevation of the caisson was 12 cm above the still water level, thus excluding any wave overtopping for all tests. Regular waves were generated. The wave period was changed from 0.7 to 1.8 s at the interval of 0.1 s, and two different wave heights of 5 and 10 cm were used for each wave period, except 0.7 11 and 0.8 s wave periods for which only 5 cm wave height was used. Three different wave chamber widths of 15, 20, and 25 cm were used. This resulted in a total of 66 test cases.
It is well known that the wave reflection from a perforated-wall caisson breakwater depends on the width of the wave chamber relative to the wavelength. For a fullyperforated-wall caisson lying on a flat sea bed, Fugazza and Natale (1992) showed that the resonance inside the wave chamber is important so that the reflection is at its
where B is the wave chamber width and L is the wavelength. For a fully-perforated-wall caisson lying on a flat bed, the wavelength does not change as the wave propagates into the wave chamber as long as the inertia resistance at the perforated wall is assumed to be negligible. For a partially-perforatedwall caisson mounted on a rubble mound which is examined in this study, however, the wavelength changes as the wave propagates from the flat bottom to the wave chamber.
Since the wave reflection of a perforated-wall caisson is related to the resonance inside the wave chamber, it may be reasonable to examine the reflection coefficient as a function of the wave chamber width normalized with respect to the wavelength inside the wave chamber. from the back wall of the wave chamber, and hence the largest energy loss would occur at this distance. In reality, however, due to the inertia resistance at the perforated wall, a phase differences occur between inside and outside of the wave chamber in such a way that the perforated wall slows the waves.
Consequently the location of the node will move onshore, and the distance where the largest energy loss is gained becomes smaller than 4 / c L . Therefore, the minimum reflection occurs at a value of c L B / smaller than 0.25. In Fig. 3 , it is also seen that increasing wave steepness leads to a reduction in the reflection coefficient. This is associated with an increase in the energy dissipation within the breakwater at higher wave steepnesses.
The numerical model described in the previous section assumes that the water depth inside the wave chamber is the same as that on the mound berm as in a fully-perforatedwall caisson breakwater shown in Fig. 1(a) . However, for a partially-perforated-wall caisson breakwater used in the experiment (see Fig. 2 ), these water depths are different each other, having depth discontinuity at the location of the perforated wall. In order to apply the model to the case of a partially-perforated-wall caisson, we assume that the lower part of the front face of the caisson (below the perforated wall) is not vertical but has a very steep slope. As mentioned previously, the model equation (1), which includes the terms proportional to the square of bottom slope and to the bottom curvature, can be applied over a bed having substantial variation of water depth. In order to examine the effect of the slope of the lower part of the caisson (which is infinity in reality), the reflection coefficient was calculated by changing the slope from 0.1 to 10 for the test of wave period of 1.3 s, wave height of 5 cm, and wave chamber width of 20 cm, in which the measured reflection coefficient was 0.33. Fig. 4 shows the calculated reflection coefficients for different slopes of the lower part of the caisson. The reflection 13 coefficient virtually does not change for slopes greater than 2.0. In the following calculations, the slope was fixed at 4.0. small. The present model is based on a linear wave theory and it utilizes the linearized energy dissipation coefficient at the perforated wall as in (9). Therefore, the model may not be applicable to highly nonlinear waves. In order to examine the effect of nonlinearity, the ratio of the calculated reflection coefficient to the measured one was plotted in Fig. 6 in terms of the wave steepness, To measure the incident and reflected wave spectra, three wave gauges were installed inside the inner guide walls, as shown in Fig. 7 . The free surface displacements measured by these wave gauges were used to separate the incident and reflected wave spectra using the method of Suh et al. (2001b) . For the purpose of cross-check, the incident waves were also measured at a point outside the guide walls denoted as G4 in Fig. 7 , where the effect of wave reflection from the breakwater is minimal. Wave 15 measurements were made for 300 s at a sampling rate of 20 Hz at each of the wave gauges. For spectral analysis, the last 4096 data were used. The time series was corrected by applying a 10% cosine taper on both ends and was subjected to spectral analysis. The raw spectrum was running-averaged twice over 15 neighboring frequency bands, the total number of degrees of freedom of the final estimates being 225.
The incident wave spectrum used in the experiment was the Bretschneider-
where s H and s T are the significant wave height and period, respectively. The target significant wave heights and periods are given in Table 1 with other experimental conditions and calculated parameters. Similarly to the experiment of Park et al. (1993) , the significant wave period was changed from 1.1 to 2.0 s at the interval of 0.1 s, and two different significant wave heights of 5 and 10 cm were used for each wave period, except 1.1 and 1.2 s wave periods for which only 5 cm wave height was used. These (19) where the superscripts c and m indicate calculation and measurement, respectively. Finally, we present comparisons of the measured and calculated spectra of reflected waves for several cases. Fig. 10 shows the results for the case of s H = 10 cm, s T = 17 1.9 s and B = 25 cm, for which the error for the frequency-averaged reflection coefficient was the smallest as -0.6%. Note that the measured incident wave spectrum was used to calculate the reflected wave spectrum. A good agreement is shown between measurement and calculation, though the numerical model slightly over-predicts the wave reflection near the peak frequency and under-predicts it at higher frequencies. Fig.   11 shows the results for the case of 
Conclusions
In this study, we examined the use of the numerical model of Suh and Park (1995) , which was developed to predict the reflection of regular waves from a fully-perforatedwall caisson breakwater, for predicting the regular or irregular wave reflection from a partially-perforated-wall caisson breakwater. For this we assumed that the lower part of the front face of the partially-perforated-wall caisson is not vertical but has a very steep slope. A numerical test carried out by changing this slope and the comparison of the model prediction with the experimental data of Park et al. (1993) showed that such an assumption was reasonable and that the Suh and Park's model can be used for predicting the regular wave reflection from a partially-perforated-wall caisson breakwater. The Suh and Park's regular wave model was then used for computing the irregular wave reflection by following the method of Suh et al. (2002) , in which the wave period was 18 determined according to the frequency of the component wave, while the root-meansquared wave height was used for all the component waves to compute the energy dissipation at the perforated wall. A laboratory experiment was carried out to examine the validity of the model for irregular wave reflection. Reasonable agreements were observed between measurement and prediction for both frequency-averaged reflection coefficients and reflected wave spectra.
For regular and irregular waves, respectively, the reflection coefficient showed its minimum when 
